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ABSTRACT: The current limited understanding of the free energy contributions of metal-protein interactions
toward metalloprotein stability is largely due to an inability to separate the energetics of the metal-
ligand and protein-protein interactions. In order to elucidate the thermodynamic contribution of a
Zn(II)-(S‚Cys)4 site toward metalloprotein stability relevant to classic structural Zn(II) sites, the reaction
of {Zn(II)(H2O)6}2+ with a minimal, unstructured, tetracysteine 16-mer peptide,GGG, is described.
Isothermal titration fluorimetry over the pH range of 4.5 to 9.0 is used to measure the free energy of
Zn(II) binding to the model peptideGGG. The data show that, in the absence of proton competition,
Zn(II) binds to the Cys4 coordination sphere with aKd of 60 aM, indicating that the Zn(II)-(S‚Cys)4
interaction can provide up to 22.1 kcal mol-1 in driving force for protein stabilization, folding, and/or
assembly. Isothermal titration calorimetry shows that Zn(II)-GGG formation is entropy driven because
of water release from both the metal and the peptide scaffold. At pH 7.0, where the Zn(II)-GGG Kd

value is 8.0 pM, the reaction releases 3.8 protons, is endothermic with∆Hrxn of +6.4 kcal mol-1, and
entropy driven with∆Srxn of +72 cal K-1 mol-1. At pH 8.0, where the peptide is partially deprotonated
prior to Zn(II) binding, the 1.0 fM Zn(II)-GGG Kd value reflects a Zn(II) complexation reaction involving
the release of 2.5 protons, which is slightly exothermic, with∆Hrxn of -2.0 kcal mol-1, and largely
entropy driven, with∆Srxn of +61 cal K-1 mol-1. At pH 5.5, where proton competition weakens theKd

to 4.0µM, only 3.2 protons are released upon Zn(II) binding, the reaction is endothermic, with∆Hrxn of
+7.7 kcal mol-1, and entropy driven, with∆Srxn of +51 cal K-1 mol-1. Likely an intrinsic property of
Zn(II)-(S‚Cys)4 sites, the entropy driven binding of Zn(II) reflects the proton dependent chemical speciation
of the Zn(II)-(S‚Cys)4 peptide complex and its effects on modulating the dehydration of both the peptide
and metal. Furthermore, the Zn(II) binding thermodynamics of a variety of Zn(II) proteins at pH 7.0
reveals the presence of enthalpy-entropy compensation (EEC) phenomena in nature.

Nature utilizes a variety of cofactors and prosthetic groups
to augment protein structure and function. Zn(II) is one of
the most pervasive metal cofactors in biology, serving
proteins in both catalytic and structural capacities (1). Of
the 2800 Zn(II)-binding proteins in humans, corresponding
to 10% of the proteome, one-third fully coordinate the metal
using four cysteine ligands (2); thus, the Zn(II)-(S‚Cys)4
moiety is an essential and ubiquitous cofactor-protein
interaction. The majority of natural Zn(II)-(S‚Cys)4 sites
are structural, endowing proteins with the ability to fold into
their unique tertiary structures required for proper biological
function. Despite the importance of the Zn(II)-(S‚Cys)4 unit
in stabilizing protein structure, there is a limited understand-
ing of the free energy contributions of the Zn(II)-(S‚Cys)4
site toward metalloprotein structure, folding, and function.
This is largely due to the inability to separate the energetics
of the metal-ligand interactions from the sea of protein-
protein interactions present, for example, hydrogen bonds
and electrostatic interactions. This is especially true in cases

where Zn(II) coordination is coupled to protein folding, for
example, the zinc finger transcription factors (1, 3, 4).
Delineating the thermodynamics of Zn(II) coordination to a
Cys4 site is further complicated by the pH sensitivity because
the conditional dissociation constant value,Kd, possesses a
[H+]4 dependence due to the release of one proton per
cysteine thiol upon coordination. This [H+]4 dependence
translates into a 10,000-fold, or 5.5 kcal mol-1, change in
binding affinity per pH unit in between the pKa

1 values of
the uncomplexed cysteine and the Zn(II)-bound cysteine
thiol.
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De noVo protein design provides a constructive methodol-
ogy for elucidating the structure-function relationships
intrinsic to natural proteins (5). Advances in the design of
stable, well-structured protein scaffolds are accelerating
because of improvements in both minimization algorithms
and energy functions based on the experimentally derived
thermodynamic contributions of individual protein-protein
interactions (6-11). Because inorganic cofactor-protein
interactions are critical to metalloprotein structure, folding,
and function, the current limited understanding of metal-
protein interaction thermodynamics is restricting the parallel
advancement ofde noVo metalloprotein design (12-14). In
order to elucidate the fundamental metal-ligand binding
thermodynamics, we are utilizing maquettes (15), simplified
metallopeptides and metalloproteins, to delineate the free
energy contributions of metal-protein interactions (16-27).
We have designed a 16 amino acid peptide containing four
cysteine residues,IGA , as a synthetic ferredoxin and have
used this scaffold to evaluate the selectivity of a tetrahedral
tetrathiolate site for Fe(II), Co(II), Zn(II), and a [4Fe-4S]2+

cluster (17-21). By analyzing the coupled metal-ligand and
proton-ligand equilibria, we have elucidated the pH inde-
pendent dissociation constants of Fe(II)-IGA , Co(II)-IGA ,
and Zn(II)-IGA , which are 2.0 nM, 2.0 pM, and 125 aM,
respectively (21). These thermodynamic studies provide the
data necessary for improving the energy functions for
computational metalloprotein design as well as deconvoluting
the energetics of metal-protein assemblies in nature, that
is, parsing apart the free energy contributions to metallo-
protein stability into its constituent thermodynamic compo-
nents (26, 28-36).

Herein, we utilizeGGG, a variant ofIGA having the
primary structure NH2-KLCEGG‚CGGCGGC‚GGW-CONH2,
to elucidate the role of protons in the thermodynamic
contribution of a Zn(II)-(S‚Cys)4 site toward metalloprotein
stability relevant to structural Zn(II)-(S‚Cys)4 sites. Because
the sequence ofIGA was originally derived from the
clostridial [4Fe-4S] binding motif (18, 21), GGG was
designed to more closely emulate structural Zn(II) sites such
as those found in zinc finger transcription factors, alcohol
dehydrogenase, and cytochromec oxidase (1). Using a
combination of conditional dissociation constant measure-
ments, EDTA competition constant measurements, and
potentiometric pH titrations, we determine the pH indepen-
dent dissociation constant for the Zn(II)-GGG complex to
be 60 aM, which indicates that a Zn(II)-(S‚Cys)4 site can
provide up to 22.1 kcal mol-1 in driving force for protein
stabilization, folding, and/or assembly. Isothermal titration
calorimetry further shows that a majority of this driving force
is entropic in origin and due to the dehydration of the metal
and theapo-peptide upon metal binding, which is modulated
by the pH dependent speciation of the Zn(II)-(S‚Cys)4
complex and the free ligand,GGG. These experimental
results, derived from a peptide with minimal protein folding
effects, are used to reveal the energetic cost of protein folding
in natural Zn(II)-(S‚Cys)4 metalloproteins, heretofore un-
known values in systems where protein folding is coupled
to metal binding.

MATERIALS AND METHODS

Materials.Trifluoroacetic acid, ethanedithiol, 1-hydroxy-
benzotriazole, diethyl ether, acetic anhydride, diisopropyl-

ethylamine (DIEA), piperidine, and zinc(II)chloride were
obtained from the Sigma-Aldrich Chemical Co. Aqueous
stock solutions of Zn(II) were quantified by calorimetric
EDTA titrations. Natural Fmoc-protected amino acids were
obtained from Bachem. HBTU,O-(1H-benzotriazole-1-yl)-
N,N,N′,N′-tetramethyluronium hexafluorophosphate, was pur-
chased from Qbiogene. All other chemicals and solvents were
reagent grade and used without further purification.

Chemical Synthesis of the Peptide. The peptide ligand
GGG was synthesized using solid phase peptide synthesis
(37) in a fashion analogous to that reported for theIGA
peptide ligand (21).

UV-Vis Spectroscopy. UV-visible spectra were recorded
on either a Varian Cary 100 or a Bio50 spectrophotometer
using quartz cells of 1.0 cm path length. Peptide concentra-
tions were determined spectrophotometrically usingε280 of
5600 M-1 cm-1 for Trp.

Fluorescence Spectroscopy. Excitation and emission fluo-
rescence spectra were recorded on a Cary Eclipse fluorimeter
using rectangular quartz cells of 1.0 cm path length.
Excitation and emission slit widths of 5 nm were employed.
pH titrations were performed using an automated titrator
attached to an AVIV 215 circular dichroism spectropola-
rimeter with a total fluorescence attachment. The excitation
wavelength was 280 nm, and the total fluorescence emission
was collected after a 310 nm high band-pass filter. The
sample was maintained at 25°C by a thermoelectric module
with a ThermoNeslab refrigerated recirculating water bath
as a heat sink. Peptide concentrations were between 10 and
30 µM as determined spectrophotometrically usingε280 )
5600 M-1 cm-1 for Trp.

Isothermal Titration Fluorimetry: Direct Zn(II) Titrations.
Aqueous stock solutions of Zn(II)Cl2 unbuffered at pH 7.0
were added in microliter aliquots to freshly preparedGGG
peptide solutions in aqueous buffers (20 mM MES and 100
mM KCl) under strictly anaerobic conditions in 1.0 cm
cuvettes. Samples were allowed to equilibrate for 3 min
before measuring their fluorescence spectra. The conditional
metal-ligand dissociation constants, conditionalKd values,
were obtained from fitting a plot of the increase in tryptophan
fluorescence at 357 nm against the [Zn(II)]/[GGG] ratio to
the following 1:1 equilibrium binding model.

The equation used to fit the data is, as follows:

whereFlmeas, the measured fluorescence emission intensity,
is a function ofFl0, the fluorescence intensity of theGGG
ligand prior to metal binding,Fl lim is the limiting emission
intensity of the Zn(II)-GGG complex, MT is the total
concentration of metal added to peptide solution,LT is the
total concentration of theGGG ligand, and Kd is the
conditional dissociation constant.

GGG + {Zn(II)(H2O)6}
2+ h Zn(II)-GGG + 6H2O (1)

Kd )
[{Zn(II)(H2O)6}

2+][GGG]

[Zn(II) - GGG]
(2)

Flmeas) Fl0 +
Fl lim - Fl0

2LT
[(MT + LT + Kd) -

x(-MT - LT - Kd)
2 - (4LTMT)] (3)
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Isothermal Titration Fluorimetry: EDTA Competition
Titrations. For pH values above 6.0, conditional equilibrium
dissociation constant determination for the Zn(II)-GGG
complex necessitated the use of EDTA (ethylenediamine-
tetraacetic acid) competition. To buffered aqueous solutions
(20 mM HEPES and 100 mM KCl) of 10-15 µM GGG
and between 1.0 and 10 equiv of EDTA, an unbuffered
aqueous solution of Zn(II)Cl2 at pH 7.0 was added in
microliter aliquots under strictly anaerobic conditions. The
increase in fluorescence at 357 nm upon the addition of Zn-
(II) was fit to a competition equilibrium binding model based
on eqs 4-8

whereFlmeas, the measured fluorescence emission intensity,
is a function ofFl0, the fluorescence of theGGG ligand
prior to metal binding,Fl lim, the limiting fluorescence of the
Zn(II)-GGG complex,MT, the total concentration of metal
added to the peptide solution,LT, the total concentration of
theGGG ligand, EDTAT, the total concentration of EDTA,
andKcomp, the conditional competition constant.

TheKcompvalue, coupled with the conditional equilibrium
dissociation constant value of Zn(II)-EDTA,Kd

Zn(II)-EDTA,
given by eqs 9-11, gives the conditional equilibrium
dissociation constant value for Zn(II)-GGG.

RL is the mole fraction of fully deprotonated EDTA,
Kf

Zn(II)-EDTA is the formation constant of fully deprotonated
EDTA for Zn(II), a value of 1016.5, andK(1-6) values are the
stepwise proton dissociation constants of EDTA;K1 ) 1.0,
K2 ) 3.1× 10-2, K3 ) 1.0× 10-2, K4 ) 2.2× 10-3, K5 )
6.9 × 10-7, andK6 ) 5.8 × 10-11 (38).

Potentiometric pH Titrations. Potentiometric pH titrations
of bothapoandholo-GGG were performed using a 1.0 cm
path length cuvette fitted with a pH electrode under a stream
of nitrogen gas. Forholo-GGG, the pH of a 25µM Zn-
(II)-GGG sample in a combination buffer (20 mM HEPES,
20 mM MES, and 100 mM KCl) was adjusted by the addition

of microliter aliquots of 0.1 N HCl. Between each addition,
the samples were allowed to equilibrate for 3 min prior to
measurement of the total fluorescence emission. The pH
dependence of the total fluorescence was fit to an equation
for two protonation events, a one proton event with an
effective pKa1

eff value and a cooperative three proton pro-
tonation event with an effective pKa2

eff value.

The total fluorescence measured at any pH,Flmeas, is a
function of the initial fluorescence,Fl0, the change in
fluorescence due to the first and second protonation events,
∆Fl1 and∆Fl2, respectively, the solution pH value, and the
effective acid dissociation constants of the ligands bound to
metal, pKa1

eff and pKa2
eff. The cooperative three proton

transition effected the change in fluorescence,∆Fl2, by
∼75%, whereas the one proton transition effected the change
in fluorescence,∆Fl1, by ∼25%.

For apo-GGG, the change in solution pH was monitored
upon the addition of microliter aliquots of 0.5 N HCl to a
65 µM aqueous solution ofGGG containing 100 mM KCl
at pH 10.0. The titration data were best fit to a protonation
model involving the ionization of seven titratable residues.

[H+]/[GGG] is the equivalents of acid added relative to the
peptide.RHxA is the mole fraction of a particular protonation
state ofapo-GGG, wherex ) 0-7, and the coefficients, 0
through 7, are the equivalents of acid required to generate
100% of a given protonation state of the peptide. pKai, where
i ) 1-7, is the pKa of a particular residue, and pH is the
measured solution pH.

pH Dependence of Conditional Dissociation Constants.
Because of the expected [H+]4 dependence of the Zn(II)-

EDTA + {Zn(II)(H2O)6}
2+ h Zn(II)-EDTA + 6H2O (4)

GGG + {Zn(II)(H2O)6}
2+ h Zn(II)-GGG + 6H2O (5)

Kcomp)
Kd

Zn(II)-EDTA

Kd
Zn(II)-GGG

)
[EDTA][Zn(II) - GGG]

[Zn(II) - EDTA][GGG]
(6)

Flmeas) Fl0 +
Fl lim - Fl0

2LT(1 - Kcomp)
[â +

xâ2 + 4(1 - Kcomp)MTLTKcomp] (7)

â ) MT - EDTAT - KcompMT - KcompLT (8)

Kd
Zn(II)-EDTA ) 1

Kf
Zn(II)-EDTARL

(9)

RL )
K1K2K3K4K5K6

EDTAT
(10)

EDTAT ) K1K2K3K4K5K6 + K1K2K3K4K5[H
+] +

K1K2K3K4[H
+]2 + K1K2K3[H

+]3 + K1K2[H
+]4 +

K1[H
+]5 + [H+]6 (11)

Flmeas) Fl0 +
∆Fl1

10(-pKa1
eff+pH) + 10(-3pH+3pKa2

eff) + 1
+

∆Fl2

10(-3pKa2
eff+3pH) + 10(-pKa1

eff-3pKa2
eff+4pH) + 1

(12)

[H+]

[GGG]
) 7RH7A

+ 6RH6A
+ 5RH5A

+ 4RH4A
+ 3RH3A

+

2RH2A
+ RHA + 0RA (13)

RH7A
) 10-7*pH

Σ
; RH6A

) 10-6*pH-pKa1

Σ

RH5A
) 10-5*pH-pKa1-pKa2

Σ
; RH4A

) 10-4*pH-pKa1-pKa2-pKa3

Σ

RH3A
) 10-3*pH-pKa1-pKa2-pKa3-pKa4

Σ
; RH2A

)

10-2*pH-pKa1-pKa2-pKa3-pKa4-pKa5

Σ

RHA ) 10-pH-pKa1-pKa2-pKa3-pKa4-pKa5-pKa6

Σ
; RA )

10-pKa1-pKa2-pKa3-pKa4-pKa5-pKa6-pKa7

Σ
(14)

Σ ) 10-7*pH + 10-6*pH-pKa1 + 10-5*pH-pKa1-pKa2 +
10-4*pH-pKa1-pKa2-pKa3 + ... +

10-pKa1-pKa2-pKa3-pKa4-pKa5-pKa6-pKa7 (15)
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GGG conditional dissociation constant,Kd values were
measured at varying pH values in order to determine the
value ofKf

ML. The Kd value at each pH was determined as
described above using fluorescence spectroscopy. The result-
ing plot of -log Kd versus pH is fit to the following
equilibrium binding expression:

where the conditional dissociation constant at any pH,Kd,
is a function of the pH independent association constant at
high pH Kf

ML, where the fully deprotonatedGGG ligand
and {Zn(II)(H2O)6}2+ associate to form the Zn(II)-GGG
complex, the effective acid dissociation constants of the
metal-bound cysteines, pKa1

eff and pKa2
eff, the acid dissocia-

tion constants of the cysteines in theapo-peptide, pKa2 -
pKa5, and the solution pH.

Isothermal Titration Calorimetry (ITC). ITC experiments
were performed on an OMEGA Titration Calorimeter (Micro
Cal, Inc., Northampton, MA) (39-42). Typical experiments
involved the titration of microliter aliquots of a 5.0 mM stock
solution of Zn(II)Cl2 in unbuffered, pH 7.0 water into
buffered solutions of 50-100 µM GGG. Under these
conditions, the Zn(II)Cl2 stock is predominantly{Zn(II)-
(H2O)6}2+ and hydrolysis does not occur to a significant
extent (43, 44). In order to facilitate the direct comparison
of the ITC results with those obtained from the fluorimetric
titrations, the identical Zn(II)Cl2 stock solution was utilized
for all experiments regardless of the buffered peptide solution
pH value. Because the use of a Zn(II) stock solution whose
identity is not matched to the buffered peptide solution in
the ITC cell may produce spurious and unaccounted heats
(42), the heat of addition of the stock Zn(II) solution to the
peptide solution after saturation of the peptide ligand was
determined in each ITC experiment and subtracted from ITC
data; these heats were comparable to the heats of addition
of the Zn(II) stock solution to the different buffers at varying
pH values in the absence of the peptide. Finally, two control
ITC experiments in which the Zn(II) and peptide solutions
were matched at pH 8.0 and 7.0 showed identical reaction
enthalpies, within a 0.5 kcal mol-1 experimental error, to
those measured using the unbuffered Zn(II) stock. All peptide
manipulations were done anerobically, and all solvents were
thoroughly degassed to prevent cysteine oxidation. The
sample was maintained at 25°C by using a ThermoNeslab
refrigerated recirculating water bath as a heat sink. Titrations
were conducted in triplicate using three different buffers at
each of three pH values, 5.5, 7.0, and 8.0. At all pH values,
20 mM HEPES, 100 mM KCl (∆Hprotonation) -5.02 kcal/
mol), 20 mM PIPES, and 100 mM KCl (∆Hprotonation) -2.73
kcal/mol) were used (45). At pH 8.0, 20 mM MOPS and
100 mM KCl (∆Hprotonation) -5.22 kcal/mol) were also used,
whereas at pH 5.5 and 7.0, 20 mM MES and 100 mM KCl
(∆Hprotonation) -3.71 kcal/mol) were used (45). At pH 5.5
(20 mM HEPES and 100 mM KCl), titrations were com-
pleted at 25, 35, and 65°C for van’t Hoff analysis and
determination of∆CP. Between each experiment, the sample
cell was thoroughly rinsed with 0.1 M EDTA, followed by
deionized water, to ensure the complete removal of residual

metal salts, EDTA, and peptide. The solution pH was
checked before and after each experiment to ensure that there
were no changes in pH.

All data were analyzed using the Origin software supplied
with the Micro Cal instrument (39). All data showed the
expected 1:1 metal/peptide stoichiometry, consistent with the
lack of hydrolysis and precipitation of the{Zn(II)(H2O)6}2+

stock solution. Prior to fitting to a 1:1 equilibrium binding
model, the heat of water addition to buffered peptide solution
and heat of addition of aqueous Zn(II)Cl2 to buffer, derived
from control experiments, were subtracted from the experi-
mental data. The reaction enthalpies were determined ac-
cording to the following relationship:

where∆Hobs is the observed enthalpy,∆Hrxn is the intrinsic
reaction enthalpy,∆Hbuffer protonationis the enthalpy of buffer
protonation, andn is number of protons released upon metal
binding. The reaction enthalpy was determined by the
y-intercept of a plot of∆Hobs versus∆Hbuffer protonation, and
the number of protons released (n) was determined from the
slope of the linear fit. The number of protons released at
each pH studied matched expectations based on the specia-
tion of the ligand and metal-ligand complex from eqs 12-
15, which validates our use of an unbuffered Zn(II) stock
solution. The reaction entropies were calculated on the basis
of the calorimetric determination of the reaction enthalpies
and the reaction free energies,∆Grxn, according to the
following expression.

The values of∆Grxn used in eq 18 were determined from
ITC, where available, or from the analogous fluorimetric
titration data.

RESULTS

Experimental Design. Zinc finger proteins are classic
examples of biological macromolecules that exhibit metal
induced protein folding events (3, 4). Observed to be
unstructured in theapo-state, zinc fingers fold into discrete
3D structures upon Zn(II) incorporation. Scheme 1 shows

-log Kd ) -log ( 1

Kf
ML

*
1 + 10(-pH+pKa1

eff) + 10(-4pH+pKa1
eff+3pKa2

eff)

1 + 10(-pH+pKa2) + 10(-2pH+pKa2+pKa3) +

10(-3pH + pKa2+pKa3+pKa4) + 10(-4pH+pKa2+pKa3+pKa4+pKa5)
)

(16)

Scheme 1

∆Hobs) ∆Hrxn + n∆Hbuffer protonation (17)

∆Grxn ) ∆Hrxn - T∆Srxn (18)
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one such structure, theââR fold of Zif268, and also presents
a free energy diagram of a generic coupled metal-binding
protein-folding event (46). In the absence of the metal ion,
the apo-protein predominantly populates the ensemble of
apo-unfolded states at lower energy than theapo-folded state.
The energy required to fold theapo-protein into the correct
3D structure in the absence of metal, that is, theapo-folded
state, is represented in Scheme 1 by∆Gapo

Folding. Upon
addition of the metal ion to theapo-protein, the formation
of theholo-folded state from theapo-unfolded state results
because of the energy contributed by the metal-ligand
interactions. The observed metal-ligand binding free energy,
∆GML-Obs, for the metalloprotein can be derived from the
dissociation constant,Kd, using the relationship∆GML-Obs

) -RT ln Kd. However, this observed free energy is smaller
than the actual metal-ligand free energy contribution, which
is shown as∆GML, that is, the energy between theapo-folded
andholo-folded states. In other words, the observed metal-
ligand free energy contribution,∆GML-Obs, is equivalent to
the metal-ligand contribution,∆GML, minus the free energy
required to fold the protein,∆Gapo

Folding, that is,∆GML-Obs

) ∆GML - ∆Gapo
Folding. Because metal ion binding and

protein folding are coupled, it has proven difficult to parse
apart the energetic cost of protein folding or the actual
contribution of metal-ion binding. In the case of a classical
26 amino acid designed zinc finger protein,∆Gapo

Folding has
been estimated to be as high as+16 kcal mol-1 on the basis
of the structure-based thermodynamic analysis set forth by
Blaise and Berg (47).

In order to determine values of∆GML for structural metal-
ion sites, our approach is to minimize the energy difference
between theapo-folded andapo-unfolded states by using
simple, unstructured, monomeric peptides so that∆GML-Obs

and∆GML become nearly equivalent. Previously, we devel-
oped a 16 amino acid peptide containing four cysteine
residues,IGA , on the basis of the consensus sequence of
ferredoxin proteins that binds a [4Fe-4S] cluster and acts as
a ferredoxin maquette (18). More recently, we have shown
that the tetrahedral, tetrathiolate coordination site inIGA is
an avid binder of Zn(II) and is selective for this metal over
Co(II) and Fe(II) (21).

On the basis of previous contributions from those char-
acterizing metal-protein interactions (42, 48), we have
developed a suite of equilibrium measurements using the
IGA peptide to determine the pH independent Zn(II)-IGA
formation constantKf

ML from which ∆GML can be derived
(21). Because the formation of Zn(II)-IGA involves proton
release, the pH dependence of Zn(II)-IGA complex forma-
tion was used to determineKf

ML. Scheme 2 shows the
minimal set of equilibria involved in the formation of Zn-
(II)-IGA from theapo-peptide and{Zn(II)(H2O)6}2+. The

effective acid dissociation constants of the ligands bound to
the metal, that is, the pKa

eff values, are determined using
potentiometric titrations that reveal the pH stability of the
metallopeptide. The pKa values of the cysteine ligands in
the absence of the metal were assumed to be 8.3, the solution
pKa value of free cysteine. The dissociation constant of the
Zn(II)-IGA complex at various solution pH values were
determined using equilibrium binding titrations. These
conditional dissociation constants were fit to an expression
for the underlying equilibria involving protons and metal-
ion binding to the peptide ligands shown in Scheme 2, which
at high pH yields the value of the pH independent formation
constant,Kf

ML, of the Zn(II)-IGA complex. The fit at low
pH gives the pH independent formation constantKf

MLH4 of
the metallopeptide with protonated ligands, that is, Zn(II)-
IGA -4H+. Ultimately, this thermodynamic analysis provided
theKf

ML value of Zn(II)-IGA , determined to be 8.0× 1015

M-1, or a Kd value of 125 aM, which rivals the tightest
natural Zn(II) proteins and demonstrates that∆GML is
favorable by at least-21.7 kcal mol-1.

In this study, we utilize a variant ofIGA to elucidate the
thermodynamic affinity of a Cys4 site for Zn(II) and to
evaluate the impact of proton release on the entropic and
enthalpic contributions of a Zn(II)-(S‚Cys)4 site toward
metalloprotein stability. Because the sequence ofIGA
contains an isoleucine and an alanine residue derived from
the ‚CIGCGAC‚ consensus motif of bacterial ferredoxins
(18, 21), we replaced these with more flexible glycine
residues, which are more commonly found in Zn(II) proteins,
in an effort to more closely emulate structural Zn(II) sites
such as the one found in alcohol dehydrogenase as well as
to discourage the formation of any secondary structural
elements (1). Figure 1 shows a molecular model of the
peptide used for this study,GGG, which has the primary
structure NH2-KLCEGG‚CGGCGGC‚GGW-CONH2 and is
named for the non-coordinating amino acids in bold. Using
a combination of Zn(II) titrations intoGGG with and without
the competing chelator EDTA, the conditional dissociation
constants of Zn(II)-GGG were measured by fluorescence
over a wide pH range. Isothermal titration calorimetry
measurements, conducted in the same manner as the fluo-
rescence titrationKd determinations, give the enthalpies of
Zn(II)-GGG formation and, when coupled to the∆Grxn

values derived from theKd values measured by fluorescence,
yield the entropies of Zn(II) coordination toGGG. These
data are coupled with the pKa and pKa

eff values measured
using potentiometric titrations ofGGG and Zn(II)-GGG,

Scheme 2

FIGURE 1: Molecular model of the Zn(II)-GGG complex rendered
using Biosym Insight II.
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respectively, to provide for the determination of the Zn(II)-
GGG formation constant,Kf

ML, and the corresponding free
energy of complex formation,∆GML-Obs. A comparison of
the∆GML-Obsvalues between Zn(II)-GGG and Zn(II)-IGA
is used to reveal whether either has significant protein folding
effects upon metal-ion binding. Most importantly, differences
between the∆GML-Obs values observed for natural Zn(II)-
(S‚Cys)4 metalloproteins with metal induced protein folding
events and Zn(II)-GGG are used to determine the cost of
protein folding in the former, a set of values which have not
been previously experimentally accessible.

Isothermal Titration Fluorimetry.Figure 2 shows the
steady-state fluorescence emission spectrum ofGGG and
Zn(II)-GGG at 10 µM concentration in aqueous buffer,
which demonstrates that Zn(II) binding results in an increase
in tryptophan fluorescence emission. Since cysteine thiols
are efficient quenchers of tryptophan fluorescence because
of a collisional quenching mechanism, the deprotonation of
the thiols as well as the imposition of a constraint on the
sulfur atoms upon Zn(II) binding results in the observed 30%
enhancement of the fluorescence emission of a C-terminal
tryptophan inGGG (49). In addition, the position of the
emission maximum, 357 nm, indicates that the tryptophan
is solvent exposed and does not shift with Zn(II) incorpora-
tion, consistent with the design of Zn(II)-GGG (50). Figure
2 also shows the fluorescence emission spectrum of Zn(II)-
GGG upon the addition of 10 equiv of EDTA, a Zn(II)
chelator. The loss of the fluorescence enhancement due to
Zn(II) binding toGGG is apparent and fully consistent with
the removal of the Zn(II) fromGGG by EDTA under these
conditions.

Because the coordination of Zn(II) to the tetracysteine
peptideGGG potentially releases four protons, the condi-
tional dissociation constants for Zn(II)-GGG were measured
over the pH range of 4.5 to 9.0. Figure 3 shows a
representative equilibrium binding isotherm for the fluores-
cence titration of Zn(II)Cl2 in unbuffered aqueous solution
at pH 7.0 into 30µM GGG buffered at pH 5.5 (20 mM
HEPES and 100 mM KCl). The fit to the data indicates a

conditional dissociation constant,Kd, value of 4.0µM at pH
5.5. Conditional dissociation constant measurements for Zn-
(II)-GGG were accomplished by direct Zn(II)Cl2 titration
into the peptide between pH 5.0 and 6.0. At pH values above
6.0, accurateKd determinations necessitated the use of the
competing chelator EDTA, whose affinity at each pH value
was calculated using eqs 9-11. Figure 4 shows the competi-
tion titration of Zn(II)Cl2 in unbuffered aqueous solution at
pH 7.0 into a buffered aqueous solution (20 mM HEPES,
100 mM KCl) containing 25µM GGG and 20µM EDTA
at pH 8.0. Under these conditions, the competition constant
betweenGGG and EDTA was determined to be 2.5. Because
theKd of Zn(II)-EDTA at this pH value is 2.5 fM, the data

FIGURE 2: Normalized steady-state fluorescence emission spectra
of 10 µM apo-GGG (‚‚‚‚), 10 µM Zn(II)-GGG (---), and 10µM
Zn(II)-GGG with 100 µM EDTA (s) in pH 7.0 buffer (20 mM
HEPES and 100 mM KCl). The peptide was excited through a 5
nm slit width at 280 nm, corresponding to the tryptophanλmax value,
and the fluorescence emission was collected through a 5 nm
emission slit width.

FIGURE 3: Equilibrium binding isotherm for the fluorescence
detected titration of Zn(II)Cl2 in unbuffered aqueous solution at
pH 7.0 into 30µM GGG buffered at pH 5.5 (20 mM HEPES and
100 mM KCl). A fit to the plot of the fluorescence emission
intensity at 357 nm vs equivalents of Zn(II) to the peptide indicates
a Zn(II)-GGG conditional dissociation constant,Kd, value of 4.0
µM at pH 5.5.

FIGURE 4: Equilibrium binding isotherm for the fluorescence
detected competition titration of Zn(II)Cl2 in unbuffered aqueous
solution at pH 7.0 into a buffered aqueous solution at pH 8.0 (20
mM HEPES and 100 mM KCl) containing 25µM GGG and 20
µM EDTA. Under these conditions, a fit to the plot of fluorescence
at 357 nm vs equivalents of Zn(II) added to the peptide using eq 6
gives a competition constant value of 2.5 betweenGGG and EDTA.
Because theKd of Zn(II)-EDTA at this pH value is 2.5 fM, the
resulting Zn(II)-GGG dissociation constant at pH 8.0 is 1.0 fM.
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indicate that Zn(II)-GGG has a 1.0 fM dissociation constant
at pH 8.0, a value that is on par with the extreme
thermodynamics of the femtomolar Zn(II) binder, ZntR (51,
52). This 1.0 fM Kd is the tightest dissociation constant
measured for a peptide-based tetrathiolate Zn(II) binding site
at pH 8.0.

Potentiometric pH Titrations. In order to evaluate the pH
dependent chemical speciation ofapo- and holo-GGG,
potentiometric pH titrations were performed. Figure 5 shows
that upon titration of 0.1 N HCl into 30µM Zn(II)-GGG,
there is a decrease in tryptophan fluorescence because of
the protonation of the Zn(II)-bound thiolate ligands to form
thiols. The pH titration of Zn(II)-GGG is best fit to an
equilibrium model involving two protonation events, a one
proton event at a pKa1

eff value of 5.8 and a cooperative three
proton event at a pKa2

eff value of 5.1. The pKa
eff values

measured for the Zn(II)-GGG complex are similar to the
Zn(II)-bound cysteine pKa

eff values of Zn(II)-IGA , HIV-1
nucleocapsid protein, and the putative zinc finger sequence
of primase (21, 53-55). These results indicate that at pH
7.0, all four Zn(II)-bound cysteines are deprotonated thiolates,
contrary toab initio quantum chemical studies that suggest
that structural Zn(II)-Cys4 sites have at least one protonated
Zn(II)-bound cysteine at neutral pH (56).

Figure 6 shows the pH dependent chemical speciation of the
Zn(II)-GGG complex as revealed by the pH titration data.
At pH values greater than 5.8, the major species in solution
is the tetrathiolate-Zn(II) complex (solid line), Zn(II)-
GGG; at pH values between 5.8 and 5.1, the major species
in solution is the monothiol-trithiolate-Zn(II) complex
(dotted line), Zn(II)-GGG-H+; and at pH values below 5.1,
the predominant species in solution is the tetrathiol-Zn(II)
complex (dashed line), Zn(II)-GGG-4H+, which dissociates

into {Zn(II)(H2O)6}2+ andGGG-4H+ under the conditions
of the experiment (Vide infra). Thus, the potentiometric pH
titration of Zn(II)-GGG defines the three metal-ligand
species that are present over the pH range studied.

Figure 7 shows that upon titration of 0.5 N HCl into
65 µM GGG, the change in solution pH is best fit to an
equilibrium model involving seven protonation events;
pKa1 ) 4.8, pKa2 ) 7.8, pKa3 ) 8.1, pKa4 ) 8.7, pKa5 ) 9.0,
pKa6 ) 9.6, and pKa7 ) 10.5. pKa1 are ascribed to the
glutamic acid residue, whereas pKa2-pKa5 are ascribed to
the cysteine ligands of the peptide, and pKa6 and pKa7 are
the N-terminus and the epsilon amine of lysine, respectively.
It is these cysteine pKa values that are responsible for the
[H+]4 dependence on the condition dissociation constant of
Zn(II)-GGG; therefore, it is just these pKa values that are
used in the equilibrium expression that models the pH

FIGURE 5: Fluorescence detected potentiometric pH titration of 30
µM Zn(II)-GGG. The decrease in total tryptophan fluorescence
as the pH is lowered by the addition of microliter aliquots of
0.1 N HCl is due to protonation of the Zn(II)-bound thiolate ligands
to form thiols. The pH titration data is best fit to an equilibrium
model involving two protonation events, a one proton event at a
pKa1

eff value of 5.8 and a cooperative three proton event at a pKa2
eff

value of 5.1.

pKa2
eff Zn(II)-GGG-4H+ h Zn(II)-GGG-H+ + 3 H+ (19)

pKa1
eff Zn(II)-GGG-H+ h Zn(II)-GGG + H+ (20)

FIGURE 6: Speciation diagram of the Zn(II)-GGG metal-ligand
complex depicting the tetrathiolate zinc species (s), Zn(II)-GGG,
the monothiol-trithiolate zinc species (‚‚‚‚), Zn(II)-GGG-H+, and
the tetrathiol zinc species (---), Zn(II)-GGG-4H+. The diagram
was generated on the basis of the protonation behavior of the
Zn(II)-GGG complex in Figure 5.

FIGURE 7: Potentiometric pH titration ofGGG. The solution pH
was monitored as microliter aliquots of 0.5 N HCl were added to
an aqueous solution of 65µM GGG, containing 100 mM KCl at
pH 10.0. The pH titration data is best fit to an equilibrium model
involving seven protonation events: pKa1 ) 4.8, pKa2 ) 7.8, pKa3
) 8.1, pKa4 ) 8.7, pKa5 ) 9.0, pKa6 ) 9.6, and pKa7 ) 10.5. pKa1
is ascribed to the glutamic acid residue, whereas pKa2-pKa5 are
ascribed to the cysteine ligands of the peptide, and pKa6 and pKa7
are the N-terminus and the epsilon amine of lysine, respectively.
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dependence of the Zn(II)-GGG conditional dissociation
constants (Vide infra).

pH Dependence of the Conditional Dissociation Constants.
Solution pH dictates not only the speciation of the Zn(II)-
GGG complex as shown in Figure 6 but also the speciation
of the GGG apo-peptide ligand and the metal,{Zn(II)-
(H2O)6}2+. In terms of the Zn(II)-GGG complex, three
species are observed, Zn(II)-GGG-xH+, wherex ) 0, 1,
or 4. In terms of the metal, aqueous Zn(II) exists as{Zn-
(II)(H2O)6}2+ at pH values below 9.0 (38). The minimal set
of equilibria required to describe the reaction of{Zn(II)-
(H2O)6}2+ with GGG-xH+ to form Zn(II)-GGG-xH+, where
x ) 0, 1, or 4, reduces to those shown in Scheme 2 for all
pH values studied. Thus, the conditionalKd value measured
at a particular pH is a function of these equilibria and the
reactions given below.

Figure 8 shows a plot of the pH dependence of the negative
logarithm of all of the conditional dissociation constant
values,Kd, measured for Zn(II)-GGG. Using the equilibria
in Scheme 2, the equilibrium binding expression in eq 16
was derived to fit the conditionalKd versus pH data. At high
pH, the fit levels out at the value of the pH independent
formation constant,Kf

ML, for Zn(II)-GGG, which corre-
sponds to the formation of the Zn(II)-GGG complex from
the deprotonated ligand,GGG, and{Zn(II)(H2O)6}2+. The
fit to the data, which takes into account the potentiometrically

determined cysteine pKa values ofapoandholo-GGG, pKa

and pKa
eff, respectively, gives aKd

ML value of 60 aM, or a
Kf

ML value of 1.7× 1016 M-1, which indicates that Zn(II)
binding toGGG contributes 22.1 kcal/mol to metalloprotein
stability because∆GML-Obs ) -RT ln Kf

ML. Furthermore,
this 60 aM dissociation constant is on par with the tightest
natural Zn(II) binding proteins (51, 52, 57). The Kd value
determined at pH 9.0 for the Zn(II)-GGG complex is
30 aM, and is within the experimental error of the 60 aM
number derived from the fit to theKd-pH plot.

As the pH is lowered below the pKa values of the cysteines
in the free ligand, corresponding to pKa2-pKa5 in the
potentiometric pH titration ofapo-GGG, the conditional
dissociation constants become attenuated by proton competi-
tion, exhibiting a [H+]4 dependence because the reaction
progresses to one whereGGG-4H+ binds{Zn(II)(H2O)6}2+

to form Zn(II)-GGG with the release of four protons (58).
As the solution pH approaches the effective pKa values of
the Zn(II)-bound thiolates, pKa1

eff and pKa2
eff, the products

of the reaction are the protonated complexes, Zn(II)-GGG-
H+ and Zn(II)-GGG-4H+. Under these conditions, the
conditionalKd values have a pH dependency that is weaker
than [H+]4. As the solution pH is lowered below pKa2

eff, the
reaction becomes pH-independent because both the reactant,
GGG-4H+, and the product, Zn(II)-GGG-4H+, are proto-
nated, and the fit levels out to the value of the formation
constant of the Zn(II)-GGG-4H+ complex,Kf

MLH4. The fit
to the data yields a pH independentKd

MLH4 value of 75µM
or a Kf

MLH4 value of 1.4× 104 M-1, which indicates that
although thiols have significant affinity for Zn(II), the metal
dissociates from the Zn(II)-GGG-4H+ complex under our
typical reaction conditions of 25µM peptide.

Isothermal Titration Calorimetry.In order to determine
the impact of protons on the enthalpic and entropic contribu-
tions to the free energies of binding, we employed isothermal
titration calorimetry (ITC) at three pH values, 5.5, 7.0, and
8.0. These pH values were chosen because of the differences
in the number of protons released upon Zn(II) complexation
by the peptide; on the basis of the expectations from the
speciation of the free ligand and metal-ligand complex, 3.2,
3.8, and 2.5 protons are predicted to be released at pH values
of 5.5, 7.0, and 8.0, respectively.

Under ideal conditions, ITC has the potential to directly
measure both the free energy and enthalpy of a reaction, and
thus the reaction entropy (39-42). Figure 9 shows the
thermogram and equilibrium binding isotherm of ZnCl2

titrated into 50µM GGG at pH 5.5. The binding isotherm
shows the expected 1:1 stoichiometry, and a fit of the data
to a 1:1 binding model yields a conditionalKd value of
4.0µM (∆Grxn ) -7.4 kcal mol-1). This conditionalKd value
is identical to that determined by fluorimetry under the same
conditions, demonstrating that both experimental techniques
are comparable as well as validating the use of unbuffered
ZnCl2 in the ITC experiments to match the conditions used
in the fluorimetric titration.

The observed enthalpy of Zn(II) complexation by the
peptide,∆Hobs, is the sum of the reaction enthalpy,∆Hrxn,
and the buffer protonation enthalpy,∆Hbuffer protonation, weighted
by the number of protons involved in protonating the buffer,
n. The value of∆Hrxn at each pH studied was determined
by measuring∆Hobs in three different buffer systems with

FIGURE 8: pH dependence of the conditional dissociation constant
of Zn(II) complexation byGGG, shown as a plot of the negative
logarithm of the dissociation constant or the reaction free energy
vs solution pH. The equilibrium binding model employed to fit
the data yields a pH independent formation constant,Kf

ML, value
of 1.7 × 1016 M-1, or a limiting dissociation constant of 60 aM,
which corresponds to a reaction free energy of-22.1 kcal mol-1.

pH > pKa > pKa1
eff > pKa2

eff

Zn(II) + GGG h Zn(II)-GGG (21)

pKa > pH > pKa1
eff > pKa2

eff

Zn(II) + GGG-4H+ h Zn(II)-GGG + 4H+ (22)

pKa > pKa1
eff > pH > pKa2

eff

Zn(II) + GGG-4H+ h Zn(II)-GGG-H+ + 3H+ (23)

pKa > pKa1
eff > pKa2

eff > pH

Zn(II) + GGG-4H+ h Zn(II)-GGG-4H+ (24)
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varying protonation enthalpies. The application of a linear
regression analysis to a plot of∆Hobsversus∆Hbuffer protonation

gives both ∆Hrxn and n as the y-intercept and slope,
respectively. At pH 5.5,∆Hrxn was determined to be
+7.7kcal mol-1, andn was found to be 2.9, matching, within
experimental error, the expectations based on the speciation
of the ligand and metal-ligand complex deduced from the
fluorescence and potentiometric titration data. According to
the relationship between the free energy, enthalpy, and
temperature of the reaction given in eq 18, the reaction
entropy of Zn(II) complexation was calculated on the basis
of the ITC determined free energy and enthalpy of reaction
at 25°C and determined to be+51.0 cal K-1 mol-1. Thus,
at pH 5.5, Zn(II) complexation by the peptide is favorable
by -7.4 kcal mol-1 (∆Grxn), endothermic by+7.7 kcal mol-1

(∆Hrxn), and entropically driven by-15.1 kcal mol-1 at
25 °C (-T∆Srxn) (Table 1).

Because ITC experiments at pH 5.5 are able to accurately
measure the Zn(II)-GGG dissociation constant and reaction
enthalpies, experiments were performed at three different
temperatures, 25, 35, and 65°C, to determine the reaction
entropies and enthalpies from a van’t Hoff analysis. A linear
regression analysis of a plot of lnKd

-1 versusT-1 yields a
∆Hrxn value of +8.0 kcal mol-1 and a ∆Srxn value of
+51.7 cal K-1 mol-1 as the slope andy-intercept, respec-
tively. These values are similar to the enthalpy and entropy
determined by ITC at 25°C, ∆Hrxn of +7.7 kcal mol-1 and
∆Srxn of +51.0 cal K-1 mol-1, indicating that the∆Cp of
the Zn(II) complexation reaction is negligible. The temper-
ature dependence of the reaction enthalpy yields a∆Cp value
of -15 cal K-1 mol-1, which is consistent with the absence
of significant structural changes in the protein scaffold upon
Zn(II) coordination, as expected for a simple, unstructured
peptide. A similar negligible∆Cp value of 10 cal K-1 mol-1

is observed for a natural Cys3His zinc finger, the HIV-1
nucleocapsid protein, which is relatively unstructured in both
its apo-andholo-states, whereas the designed Cys2His2 zinc
finger, CP-1, which adopts aââR fold upon Zn(II) coordina-
tion, has a∆Cp value of-514 cal K-1 mol-1 (47, 59). Thus,
the ∆Cp value of Zn(II)-GGG likely reflects its lack of
significant secondary structure in both theapo- and holo-
states.

At higher pH values, the ITC derived thermograms only
allowed for the determination of∆Hrxn because the com-
plexation of Zn(II) by the peptide was too tight to accurately
determine conditionalKd values. In these cases, the fluori-
metrically derived dissociation constants were used to
determine the∆Grxn values. At pH 7.0, the calorimetrically
determined reaction enthalpy,∆Hrxn, of +6.4 kcal mol-1 was
combined with the∆Grxn value of -15.1 kcal mol-1,
corresponding to a conditionalKd value of 8.0 pM, to yield
a reaction entropy of+72 cal K-1 mol-1 or -21.5 kcal mol-1

at 25°C (-T∆Srxn) (Table 1). The entropy driven complex-
ation of Zn(II) by a thiolate rich peptide at pH 7.0 is not
unique toGGG because it is also observed in the Cys3His
HIV-1 nucleocapsid protein, whose thermodynamic param-
eters are coincidentally identical, within error, to Zn(II)-
GGG (59). The buffer dependent observed reaction enthalpy
also revealed the release of 3.9 protons upon Zn(II) com-
plexation, again matching expectations based on the chemical
speciation of the ligand and metal-ligand complex, within
error. The+21.0 cal K-1 mol-1 increase in reaction entropy
or -6.4 kcal mol-1 at 25 °C (-T∆Srxn) between the pH
values of 5.5 and 7.0 reflects the impact of metal induced
proton release on the reaction entropy because the difference
in proton release between the two pH values is one proton.
At pH 7.0, the reaction of{Zn(II)(H2O)6}2+ with GGG-4H+

releases 4.0 protons to form Zn(II)-GGG. At pH 5.5, the
same reaction releases a total of 3.2 protons as it forms Zn-
(II)-GGG-4H+ (4% of zero proton release), Zn(II)-GGG-
H+ (64% of three proton release), and Zn(II)-GGG
(32% of four proton release).

At pH 8.0, where theGGG-4H+ reactant is partially
deprotonated prior to Zn(II) binding, the ITC data gives a
slightly exothermic reaction enthalpy of-2.0 kcal mol-1.
The∆Hrxn value of-2.0 kcal mol-1 can be combined with
the fluorimetrically derived∆Grxn value of-20.2 kcal mol-1,
corresponding to aKd value of 1.0 fM, to give a reaction
entropy of+61 cal K-1 mol-1 or -18.2 kcal mol-1 at 25°C
(-T∆Srxn). The data also reveals the release of 2.0 protons
upon Zn(II) complexation, which matches expectations based
on the speciation of the ligand and metal-ligand complex,
within a 0.5 proton error (Table 1). The entropic contribution
to Zn(II) complexation at pH 8.0,+61.0 cal K-1 mol-1, is
attenuated by+11 cal K-1 mol-1 relative to complexation
at pH 7.0, reflecting the decrease in proton release upon metal
binding.

In toto, the ITC data evince that in the pH region between
5.5 and 8.0, that is, between the pKa

eff and pKa values,
Zn(II) complexation byGGG is entropically driven, with
all of the thermodynamic values modulated by proton release.
At pH 5.5, where 3.2 protons are released, the reaction
entropy is+51.0 cal K-1 mol-1; at pH 7.0, where 3.8 protons
are released, the reaction entropy plateaus at a maximum
value of +72.0 cal K-1 mol-1; and at pH 8.0, where 2.5
protons are released, the entropy attenuates to+61.0 cal K-1

FIGURE 9: ITC derived equilibrium binding thermogram of ZnCl2
in unbuffered aqueous solution at pH 7.0 titrated into 50µM GGG
at pH 5.5 (20 mM MES and 100 mM KCl). The thermogram shows
the expected 1:1 stoichiometry of Zn(II) complexation. A fit of
the data to a 1:1 binding model yields a conditionalKd value of
4.0 µM or a ∆Grxn value of-7.4 kcal mol-1.

Table 1: Thermodynamics of Zn(II)-GGG Formation at 298 K

pH 5.5 pH 7.0 pH 8.0

∆G° kcal mol-1 -7.4 -15.1 -20.2
∆H° kcal mol-1 7.7 6.4 -2.0
-T∆S° kcal mol-1 -15.1 -21.5 -18.2
H+ released 3.2 3.8 2.5
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mol-1 (Table 1). In addition to the proton release from
cysteine, water release from both the peptide scaffold and
the metal likely play a significant role in modulating the
observed enthalpy and entropy values.

DISCUSSION

The influence of protons on the thermodynamic contribu-
tion of a Zn(II)-(S‚Cys)4 site toward metalloprotein stability
has been evaluated using the pH dependence of Zn(II)
binding to a simple, unstructured, model peptide containing
four metal-coordinating cysteine residues,GGG. Using a
suite of equilibrium measurements, the solution speciation
of the Zn(II)-GGG complex is elucidated over the pH range
of 4.5 to 9.0. The data indicate that Zn(II)-GGG formation
is entropy driven and possesses a limitingKd

ML value of
60 aM. The corresponding-22.1 kcal mol-1 limiting free
energy of Zn(II) binding toGGG is both an order of
magnitude larger than typical protein-protein interactions
and significantly larger than the folding free energy of many
natural proteins (60). This formation constant is attenuated
at pH values below the pKa of the cysteines in theapo-
peptide because of proton competition, and the 8.0 pM
conditional dissociation constant of Zn(II)-GGG measured
at pH 7.0, is nearly identical to the values reported for natural
and synthetic zinc finger proteins at the same pH. By
coupling the pH dependence of the conditionalKd values
with the acid dissociation constants of theapo-peptide, pKa,
and holo-peptide, pKa

eff, we have mapped out the role of
protons in the solution speciation and formation of Zn(II)-
GGG. Depending on the solution pH relative to the pKa and
pKa

eff values, the reaction of{Zn(II)(H2O)6}2+ with apo-
peptide yields one or more of the following complexes: Zn-
(II)-GGG, Zn(II)-GGG-H+, and Zn(II)-GGG-4H+. At
solution pH values above the pKa and pKa

eff values, the
reaction of{Zn(II)(H2O)6}2+ with deprotonatedGGG yields
Zn(II)-GGG with a limiting Kd

ML value of 60 aM, which
is both entropically and enthalpically favored. At pH 7.0,
that is, between the values of pKa and pKa

eff, the reaction of
{Zn(II)(H2O)6}2+ with protonatedGGG-4H+ also yields
Zn(II)-GGG but is enthalpically disfavored because of the
necessity to break the four cysteine S-H bonds and more
entropically favored because of the release of the four protons
relative to the reaction at pH 8.0. At pH 5.5, between the
pKa1

eff and pKa2
eff values, a combination of all three com-

plexes are formed with the major product being Zn(II)-
GGG-H+ with a mole fraction of 0.6. Because there are
multiple products, the changes in entropy and enthalpy cannot
be isolated to a single species. However, it is evident that
the reaction is more enthalpically and entropically disfavored
at pH 5.5 relative to that at pH 7.0. Although this is consistent
with the loss of only three protons at pH 5.5, it also includes
energetic terms because of diminished water release from
the peptide scaffold upon Zn(II) complexation, possible
incomplete Zn(II) dehydration upon peptide coordination, and
the weaker interaction between the Zn(II) and the protonated
thiols.

While it would appear that the favorability of the reaction
entropy tracks with the number of protons released, implying
that proton release is entropically favorable, the calorimetric
determination of the enthalpy and entropy of free cysteine
thiol deprotonation are both thermodynamically unfavorable,
exhibiting a positive enthalpy,∆Hcys deprotonation )

+8.6 kcal mol-1 and negative entropy,∆Scys deprotonation)
-9.0 cal K-1 mol-1 (61). If the enthalpy and entropy of
cysteine deprotonation in a peptide based chelator are the
same as those in free cysteine, as assumed by Blaise and
Berg in their structure-based thermodynamic analysis of
metal-induced protein folding (47), then proton release upon
metal binding does not contribute favorably to the reaction
entropy. Thus, their analysis indicates that the observed
modulation in entropy as a function of pH is not directly
due to proton release. An alternative interpretation of the
data is that peptide dehydration tracks with the protonation
state of theapo-peptide, that is, at pH 8.0, where the cysteines
are partially deprotonated, desolvation is more entropically
unfavorable than at pH 7.0, where the cysteines are proto-
nated. If Zn(II) dehydration and the structure of Zn(II)-
GGG are constant between pH 7.0 and 8.0, the difference
in the measured enthalpy and entropy values reflects the
differences in cysteine proton release,∆n, and water release
from the apo-peptide scaffold upon Zn(II) complexation
(eqs 25 and 26).

∆Hrxn
pH and ∆Srxn

pH are the enthalpy and entropy of the
reaction, respectively, measured at a pH value (7.0 or 8.0),
∆n is the difference in the number of protons released
between these pH values,∆∆Hpeptide dehydrationand∆∆Speptide

dehydrationare the difference in the enthalpy and entropy of
peptide dehydration between these pH values, and∆Hcys

deprotonationand ∆Scys deprotonationare the enthalpy and entropy
of proton dissociation from the cysteine thiol. With an
enthalpy difference between pH 7.0 and 8.0 of+8.4 kcal
mol-1 (∆Hrxn

7.0 - ∆Hrxn
8.0), ∆n equal to 1.8, and the∆Hcys

deprotonation equal to +8.6 kcal mol-1 (58), the calculated
difference in the∆Hpeptide dehydrationbetween pH 7.0 and 8.0
is equal to-7.1 kcal mol-1. Similarly, with the entropy
difference between pH 7.0 and 8.0,∆∆Srxn, equal to 11 cal
K-1 mol-1, ∆n equal to 1.8, and the∆Scys deprotonationequal to
-9.0 cal K-1 mol-1 (58), the difference in∆Speptide dehydration

can be calculated to be 27 cal K-1 mol-1. Thus, at 298 K, it
is energetically more favorable by-15.1 kcal mol-1, that
is, -7.1 kcal mol-1 - (298 K × 0.027 kcal K-1 mol-1), to
dehydrate the peptide upon Zn(II) complexation at pH 7.0
over pH 8.0. This indicates that dehydrating a neutral thiol
is more favorable than dehydrating a charged thiolate in this
peptide scaffold. In terms of enthalpy, the enthalpy required
to break the S-H bonds is more than compensated for by
the favorable enthalpic contribution of peptide dehydration.
This leads to the less favorable, endothermic reaction
enthalpy observed at pH 7.0 relative to pH 8.0. In terms of
entropy, water release at pH 7.0 is more favorable by 27 cal
K-1 mol-1, or -8.0 kcal mol-1 at 298 K, than at pH 8.0.
This increase in entropy due to water release compensates
for the diminished enthalpy required for S-H bond cleavage,
yielding a more favorable free energy of reaction.

Although it is difficult to discern the enthalpy and entropy
of peptide dehydration in absolute terms, the differences

∆∆Hrxn ) ∆Hrxn
7.0 - ∆Hrxn

8.0 ) ∆n∆Hcys deprotonation+
∆∆Hpeptide dehydration(25)

∆∆Srxn ) ∆Srxn
7.0 - ∆Srxn

8.0 ) ∆n∆Scys deprotonation+
∆∆Speptide dehydration(26)
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between pH 7.0 and 8.0 are significant in magnitude. The
estimated changes in the entropy of dehydration of the
peptide scaffold is three times that of the entropy of water
release from Zn(II), estimated to be∼9.5 cal K-1 mol-1 per
water molecule (62). Additionally, the change in free energy
of water release between these pH values,-15.1 kcal mol-1,
is similar in magnitude to the+16 kcal mol-1 estimate of
the energetic cost to fold aââR Cys2His2 zinc finger peptide,
indicating that the pH dependence of the energetics of peptide
dehydration are of sufficient magnitude to compromise
protein folding (47). Regardless of how one interprets the
data, that is, whether the release of protons directly modulates
the favorability of the reaction entropy or the protonation
state of theapo-peptide modulates its dehydration, it is
evident that solution pH, often ignored in such analyses, is
critical to the coordination chemistry thermodynamics of
thiolate rich Zn(II) sites in biology (63).

There has been considerable debate in the literature as to
the protonation state of cysteine ligands to Zn(II) sites in
biology (56, 64, 65). Computational studies have indicated
that Zn(Cys)4 sites may contain at least one thiol ligand at
physiological pH values, and mass spectrometry experiments
suggest the retention of thiol protons in cysteine rich zinc
coordination spheres (56, 64). However, in the case of Zn-
(II)-GGG, the direct determination of the zinc bound
cysteine pKa values, pKa

eff, reveal that the Zn(Cys)4 site is
not protonated at physiological pH values but can be
protonated at lower pH values. This is indeed the case with
other natural cysteine rich zinc binding proteins such as the
HIV-1 nucleocapsid protein and the zinc finger of primase,
both exhibiting pKa

eff values of∼5.0 (53-55). The proto-
nated Zn(II)-GGG-H+ complex,Kd

MLH value of 19 fM,
binds Zn(II) 315-fold weaker than the fully deprotonated
complex, Zn(II)-GGG. This 315-fold or 3.4 kcal mol-1

weaker interaction is due to either the weaker interaction of
the protonated thiol ligand with the Zn(II) or its dissociation
from Zn(II) and replacement by exogenous water. Further
protonation yields the tetra-thiol complex, Zn(II)-GGG-
4H+, with a Kd

MLH4 value of 75µM, which indicates that
protonated thiols can have significant affinity for Zn(II).
Thus, our findings do not agree with the predictions from
computational studies that a proton remains bound to the
Zn(Cys)4 site, and they provide an impetus to more accurately
parametrize future computational work (28-31, 56).

The formation constant of the Zn(II)-GGG complex is
the tightest measured for a zinc protein to date and may
reflect the maximal thermodynamic contribution possible
from a Zn(II)-(S‚Cys)4 site. The limitingKd

ML value of 60
aM is identical, within error, to the corresponding value
reported for the Cys4 site in the related Zn(II)-IGA
maquette, 125 aM, and slightly tighter than the value reported
for the Cys3His site in the HIV-1 nucleocapsid zinc finger
protein, 1.2 fM (21, 53, 54, 59). The comparableKd

ML values
for Zn(II)-GGG and the HIV-1 nucleocapsid protein
indicate that the Cysf His change in the primary coordina-
tion sphere only weakens the Zn(II) affinity by 20-fold at
pH 9.0. The limitingKd

ML for Zn(II)-GGG is coincidentally
similar to the 1.5 fM value reported for the Zn-sensor protein
ZntR, which contains Zn(S‚Cys)3 and Zn(S‚Cys)2(His)1 sites
bridged by a phosphate anion. However, their responses to
solution pH are quite distinct because of protein folding
effects (51, 52). Proton competition attenuates the conditional

dissociation constants of Zn(II)-GGG below pH 8.3,
whereas theKd value of ZntR is pH independent down to
pH 6.5 because of the effect of the protein fold on theapo-
protein ligand pKa values. This results in the full realization
of the limiting dissociation constant for ZntR at physiological
pH, whereas Zn(II)-GGG only attains the 60 aM value at
pH values above 8.3.

The limiting Kd
ML value for Zn(II)-GGG represents a

-22.1 kcal mol-1 free energy contribution to the Zn(II)
protein stability, which is an order of magnitude larger than
typical protein-protein interactions, that is, hydrogen-bonds
and salt bridges. At pH 7.0, where the conditionalKd value
is 8.0 pM or-15.1 kcal mol-1, the free energy contribution
of the Zn(II)-Cys4 site remains greater than the global folding
free energies of many natural proteins. The magnitude of
this interaction demonstrates why Zn(II)-Cys4 sites can be
used to assemble and fold a variety of protein scaffolds
(1, 57, 66-68). Furthermore, the demonstration by Woolfson
and co-workers that Zn(II) binding four histidine residues
can be used to convert a stably foldedapo-protein into a
holo-protein with a different fold and oligomerization state,
suggests that a Zn(II)-His4 may possess a comparable free
energy, for example,>10 kcal mol-1 (69).

A comparison of the∆GML-Obs values from a series of
Zn(II)-(S‚Cys)4 proteins that undergo metal induced protein
folding events provides fresh insight into the role of the metal
in the process. The conditionalKd data for Zn(II)-GGG,
CP-CCCC, and the gene product of BRCA1 L923 indicate
that each has picomolar affinity at pH 7.0, which is within
the 1.5 kcal mol-1 or the 10-fold error of the measurements
(67, 68). If the apo-ligand pKa values are near the solution
value of cysteine, as expected for unfoldedapo-proteins, then
they each possess similar differences in their thermodynamic
barriers to protein folding, that is,∆Gapo

Folding values. Thus,
these results indicate that the free energy difference between
the apo-unfolded andapo-folded states in the unstructured
16 amino acid peptideGGG, the 26 amino acidââR protein
CP-CCCC, and the 56 amino acid RING finger domain from
the gene product of BRCA 1 are equivalent despite their
differences in primary and secondary structure (cf. Scheme
1). Using a structure-based thermodynamic analysis, Blasie
and Berg have estimated the∆Gapo

Folding of CP-1, the His2-
Cys2 prototype of the designed zinc finger protein CP-CCCC,
to be +16.0 kcal mol-1, which suggests a∆GML value of
approximately-38 kcal mol-1 for CP-CCCC, Zn(II)-GGG,
and the RING finger domain (47). An alternative interpreta-
tion of this result is that there is a minimal free energy
difference between theapo-unfolded andapo-folded states
in each of these three proteins. The latter interpretation is
supported by several key observations from protein design
using theââR zinc finger scaffold. First, Imperiali and co-
workers have redesigned a zinc finger protein scaffold to
stably fold in the absence of metal ion and observe a similar
metal-ion affinity as compared to the wild-type protein (70).
If ∆Gapo

Folding was as large as+16 kcal mol-1 in the ââR
zinc finger scaffold as suggested by Blasie and Berg, an
increase of>1011-fold would be expected in the metal-ion
affinity because of the preorganization of the metal-ion
binding site. Second, Dahiyat and Mayo have used compu-
tational redesign to generate aââR fold that does not contain
a Zn(II) binding site and one that is stably folded in the
absence of the metal ion (6). This result supports the
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conclusion that a properly packed hydrophobic core can be
more stable than the analogousholo-metalloprotein. Third,
a Folding@home molecular dynamics simulation result
indicates that the unfolded ensemble of aââR protein fold
corresponds to the native folded state in an average sense,
that is, the mean structure hypothesis (71). In toto, these
results suggest that the free energy difference between the
apo-unfolded andapo-folded states of theGGG, CP-CCCC,
and BRCA1 scaffolds are minimal and that metal-ion binding
serves to kinetically template the folding event. Therefore,
each possesses the tightest affinity possible for a tetrahedral,
tetrathiolate Zn(II) binding site.

Other natural Zn(II) proteins may have larger∆Gapo
Folding

values and, therefore, utilize the free energy of metal-ion
binding to drive protein folding. One such example is the
37 amino acid XPA zinc finger protein involved in the
nucleotide excision repair pathway of DNA repair (72). We
ascribe the 3.9 kcal mol-1 difference between the 158 pM
and 200 fM conditional dissociation constant values at pH
7.4 of XPA and Zn(II)-GGG, respectively, to the energetic
cost to folding the XPA zinc finger transcription factor
protein. Thus, in the case of the XPA zinc finger, metal-ion
binding thermodynamically drives protein folding by several
kcal mol-1.

A comparison of the ITC derived thermodynamics of Zn-
(II) binding at pH 7.0 between the Cys4 site in GGG and
several natural Zn(II) proteins also reveals the presence of
enthalpy-entropy compensation (EEC) phenomena as shown
in Table 2. EEC is a linear free energy relationship between
the enthalpy and entropy of a reaction for a related set of
chemical processes, that is, the differences in the change in
free energy of a family of chemical processes is small relative
to the changes in enthalpy and entropy (73). Although there
is considerable controversy in the literature concerning
whether or not EEC is a real phenomenon or an artifact (73-
75), it is often described as being an intrinsic and ubiquitous
property of water (76, 77). Table 2 shows the EEC
phenomenon observed for Zn(II) binding toGGG, the HIV-1
nucleocapsid protein, CP-1, and carbonic anhydrase, whose
free energies of Zn(II) binding are within 1.3 kcal mol-1 of
each other and within the error of the determinations. A
comparison of the value for the Cys4 site in Zn(II)-GGG
and the Cys3His1 site in the HIV-1 nucleocapsid protein
shows that they are virtually identical. This demonstrates that
the changes in the primary coordination sphere and protein
fold do not significantly alter these specific entropically
driven Zn(II) binding events. In the case of the HIV-1

nucleocapsid protein, McLendon and co-workers have argued
that the increase in entropy is due to greater configurational
entropy in theholo-protein than in theapo protein (59),
despite the restraint imposed by ligating to the Zn(II). On
the basis of the results of DiTusa and co-workers and the
data presented herein, we suggest that a more plausible
explanation is that the metal coordination event is driven by
water release from both peptide and Zn(II) upon binding (78,
79).

In contrast to these entropically driven Zn(II) binding
reactions, ITC data for the designed protein CP-1 shows that
Zn(II) binding to the Cys2His2 coordination sphere in the
ââR fold is enthalpically favored and entropically disfavored
(47). Indeed, the reaction enthalpy and entropy values
between Zn(II)-GGG and CP-1 are almost perfectly re-
versed, whereas both have comparable Zn(II) affinities at
pH 7.0. The reaction enthalpy is+6.4 kcal mol-1 unfavorable
in Zn(II)-GGG and-21.1 kcal mol-1 favorable in CP-1;
the reaction entropy is-21.5 kcal mol-1 favorable in Zn-
(II)-GGG and+5.7 kcal mol-1 unfavorable in CP-1. This
dramatic enthalpy-entropy compensation,>20 kcal mol-1,
reflects several differences between Zn(II)-GGG and CP-
1. The differences in the coordination sphere contribute to
the enthalpy changes, that is, Zn(II)-His versus Zn(II)-Cys
bond enthalpy as well as the entropy changes due to changes
in the number of protons released upon Zn(II) binding. The
greater restriction in protein conformational entropy upon
Zn(II) binding to CP-1 relative to Zn(II)-GGG is likely a
factor in the unfavorable entropy of the former because it is
uniquely structured in theholo-state. In addition, the hydra-
tion of theapoandholostates of the two scaffolds are likely
different and significantly contribute to the observed en-
thalpy-entropy compensation.

Finally, it is worth comparing the unstructured Zn(II)-
GGG with a protein that is folded in both theapoandholo
states, carbonic anhydrase. DiTusa and co-workers have
shown that incorporation of Zn(II) into the His3(OH)1 site
of carbonic anhydrase is both enthalpically and entropically
favored (78). Despite the near equivalence in the Zn(II)
affinities of Zn(II)-GGG and carbonic anhydrase at pH 7.0,
Zn(II)-GGG is 12.8 kcal mol-1 less enthalpically favored
and 11.4 kcal mol-1 more entropically favored. Although
part of the enthalpic difference stems from the differences
in His and Cys deprotonation thermodynamics and part of
the entropic difference is due to the conformational restriction
imposed by Zn(II) binding, it is likely that changes in protein
hydration between theapo andholo states are a significant
contributor to the observed EEC.

CONCLUSIONS

In the present work, we demonstrate that a designed
protein with minimal structure binds Zn(II) with an affinity
greater than the tightest Zn(II)-binding natural proteins. The
data illustrate that metalloprotein assembly is entropically
driven and that proton release, along with dehydration of
both the peptide scaffold and metal ion, exerts considerable
influence on the reaction enthalpies, entropies, and free
energies. The data from the Zn(II)-GGG complex are used
to delineate the energetic cost to protein folding in natural
proteins with Zn(II)-Cys4 sites that undergo metal induced
protein folding reactions. This comparison demonstrates the

Table 2: Entropy-Enthalpy Compensation in Zn(II) Proteins at pH
7.0

Zn(II)-GGG
(Cys4)

HIV-1
nucleocapsid

protein
(Cys3His1)

carbonic
anhydrase
(His3OH1)

CP-1
(Cys2His2)

∆Grxn
(kcal mol-1)

-15.1a -15.3b -16.4c -15.3c

∆Hrxn
(kcal mol-1)

+6.4a +6.4b -6.3c -21.1c

-T298K∆S
(kcal mol-1)

-21.5a -21.7b -10.1c +5.7c

∆Srxn
(cal K-1 mol-1)

+72.0a +72.0b +34.0c -19.0c

a The values were obtained from this work.b The values were
obtained from ref 59 (59). c The values were obtained from ref 47 (47).
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near energetic equivalence of theapo-unfolded andapo-
folded states in some natural zinc finger proteins, with others
utilizing part of the free energy of Zn(II) binding to drive
protein folding. Additionally, comparison of the thermody-
namic parameters for Zn(II) binding byGGG to other Cysx-
Hisx Zn(II) binding proteins reveals the presence of entropy-
enthalpy compensation phenomena at physiological pH and
is likely a result of the interplay between peptide and metal
dehydration, S-H bond cleavage, and differences in con-
figurational entropy of the protein scaffolds. Our efforts are
now focused on evaluating the thermodynamics of Zn(II)
binding to Cys2His2 and Cys3His sites relevant to natural
zinc finger transcription factors in the same manner as that
described herein.
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